Abstract. Factor and multiple regression analysis were used to extract the morphometric variables that contributed to feeding success in three small freshwater fishes. Of the first two factors, factor 1, showed high loading of gut weight (GW), length of the upper (UJ), and lower jaws (LJ) in mola, Amblypharyngodon mola (Hamilton), and GW and vertical mouth opening (VMO) in punti, Puntius ticto (Hamilton). In darikana, Esomus danricus (Hamilton), GW, horizontal mouth opening (HMO), and VMO were highly loaded on factor 2. Gut length (GL) was closely associated with GW of all three species. Subsequently, variables with high loading on factors 1 or 2 were subjected to multiple regression analysis to observe their effect on feeding success, considering GW as the dependent variable and the extracted variables as the independent variable. In A. mola, HMO and GL influenced GW, whereas in P. ticto, only GL determined GW in the fish. In E. danricus, GL, VMO, and HMO exerted a low effect on GW. Exceptionally, the present study suggested that feeding success in small fishes is largely determined by UJ, LJ, and GL or mouth openings.
Introduction
Morphological features linked to prey capture and intake evolved to maximize feeding performance and can be strongly correlated with diet (Wikramanayake 1990 , Piet 1998 , Hugueny and Pouilly 1999 . In fish, this correlation is highly prevalent (Dabrowski and Bardega 1984) . Most studies on the role of morphology in fish prey selectivity were conducted on carnivorous fishes at higher trophic levels (Nilsson and Brönmark 2000 , Conley and Hopkins 2004 , Dean and Motta 2004 . Small fishes (total length < 25 cm), especially freshwater endemic species, hardly maintain plasticity in feeding, hence, they are vulnerable to food limitations. No extensive studies on the shortor long-term feeding success of this small fish group have yet been performed. With their co-occurrence with large fish species in regulated and unregulated aquatic systems, feeding success could be a major axis through food partitioning (Ross 1986 ), which could thereby enable survival and growth in fishes that have advantageous features. Slight variation in morphology results in large differences in feeding success, and it strongly influences diet selection Richard 1995, Carroll et al. 2004 ).
commonly noted as indigenous to India, Bangladesh, Pakistan, Myanmar, Nepal, and Bhutan (Sen 1985, Talwar and Jhingran 2001) . With the exception of A. mola (Mamun et al. 2004 , Mondol et al. 2013 , Nandi and Saikia 2015 , details about the feeding biology of these fishes remains unknown. In IUCN databases, these three fishes are accorded the least importance, although unreported cases of vast loss of these species' habitats have occurred in recent times. The present study attempted to explain whether the feeding success of small microphagous fish depends on some principles of the morphometric arrangement of their mouths, as well as on other associated structures. In this study, we analyzed nine different morphometric measurements of these three common, co-occurring small freshwater fish species for any ecomorphological correlation with feeding success. Following Pepin et al. (2015) , gut weight was considered the best index of short-term feeding success, showing the biomass captured immediately from the surroundings.
This objective was accomplished using multivariate analysis techniques, especially multivariate factor analysis and multiple regression analysis. Multiple factor analysis was used to investigate factors that are highly correlated and to determine the feeding activity of the fish. This was followed by multiple regression analysis with highly correlated variables extracted through multiple factor analysis, and it was employed to explain the degree of the dependence of feeding success of these fishes based on their morphometry. This study also demonstrated the use of multivariate statistics to explain how morphometric variables contribute to feeding success in small fishes.
Materials and methods

Morphometric data
All the fishes were collected from freshwater ponds (23.6700°N, 87.7200°E) around Bolpur, Birbhum District, West Bengal, India, during 2013-2014 (Fig. 1) . The fishes were preserved on ice immediately after collection. Morphometric variables were measured without distorting the fish body shape. The length measurements (total length, TL; length of upper jaw, LU; length of lower jaw, LJ) were recorded using a scientific scale (KHYATI) to the nearest mm (Chattopadhyay et al. 2014) . The horizontal mouth opening (HMO) and vertical mouth opening (VMO) were measured up to the maximum jaw extension using slide calipers. The gut was dissected out, carefully uncoiled to stretch it out on a Petri dish, and the gut length (GL) was measured. Guts with food content were weighed to the nearest mg on a calibrated electronic scale and subtracted from the empty gut to obtain the gut weight (GW). The mouth area (MA) and gape size (GS) was computed following the procedure in Erzini et al. (1997) and Ponton and Müller (1990) .
Statistical analysis
Two statistical software programs, Minitab 11 and SPSS 16.0, were used to compute all the statistical analysis throughout the study. Standard Deviation (SD) was computed to explain the mean as the accurate point estimate. The reproducibility of the mean was explained within 95% confidence intervals.
All the data were checked for normality before proceeding to a specific statistical parametric analysis. Multivariate factorial analysis, used as a statistical tool for factor reduction, can simplify a complex data set by identifying one or more underlying factors that can explain the nature and dimension of the association with variability. Although different scaling methods are used to fix the factors, we performed a screen plot for factor reduction. Only those factors which explained a maximum number of variations (%) and the nature of the association among the variables and cluster recognition were considered to be of a high degree. A correlation matrix was used to extract the factors from all the variables selected. A varimax rotation was applied in order to maximize the variance of the squared loadings and to reduce the relatively unimportant components. However, before proceeding, the Kaiser-Meyer-Olkin measure and Bartlett's test of sphericity were performed. If the Kaiser-Meyer-Olkin value was >0.7 and the Bartlett's test of sphericity recorded p < 0.05, the analysis proceeded. Extracted variables obtained through factorial reduction were used for regression analysis. Post-hoc statistical power (P) was determined for all the regression analyses using the statistical software G-power 3.1. Type I (á) and Type II (1-â) error rates were fixed at 5% (p £ 0.05) and 80% (P £ 0.08), respectively, and the actual p and P values were mentioned wherever necessary. The multicollinearity of the regressed variables was corrected by removing the factors with VIF > 10.0. Throughout the study, the gut weight (or gut fullness) of the fish was considered as a function of its feeding capability (Conley and Hopkins 2004, Pepin et al. 2015) ; hence, mean gut weight values were used as the dependent variables and the mean values of the other variables, which correlated strongly to gut weight under a factor, were used as the independent variables.
Results
The descriptive statistics of the morphometric measurements of all the three species of fishes are shown in Table 1. The Kolmogorov-Smirnov normality test (p > 0.05) was performed for the morphometric data of A. mola and E. danricus (sample size > 50). Similarly, the Shapiro-Wilk normality test was performed for P. ticto (sample size < 50). All results showed that the á error rate was approximately normal for all the variables considered, without the need for any data transformation for parametric statistical tests. The computation of a 95% confidence limit also showed very low variation suggesting the correctness of the point estimates (means) of the data generated during the study.
Factorial analysis of the variables
The screen plots of all three species for nine variables resulted in the first two factors explaining the highest variability among the data. In the case of P. ticto, the first two factors explained variation of 84.0% (43.5 and 40.5%, respectively), while in E. danricus it was 81.9% (41.1 and 40.8%, respectively). However, in A. mola, it was 87.6%, with factor 1 explaining 63.3% of total variation ( Table 2 ). The factor reduction with varimax rotation was subsequently applied to the data of each fish species for the first two factors, each representing a cluster of interrelated variables within the data set. The rotated factor loadings, communalities, and percentage of variance explained by each factor are presented in Table 2 . Table 2 Factor analysis (varimax rotation) of three small fish species: A. mola (n = 60), E. danricus (n = 76), P. ticto (n = 43). GW -gut weight, UJ -upper jaw length, LJ -lower jaw length, HMO -horizontal mouth opening, VMO -vertical mouth opening, GL -gut length Communalities for the variables in all three fishes were less than 1.0. Except for A. mola, the first two factors of E. danricus and P. ticto showed almost equal variability with eigenvalues higher than 1.0.
Multiple regression analysis
After the functionally correlated variables were extracted with factor analysis, the variables highly loaded with GW were considered for regression analysis. Other than GW, all the other variables highly loaded on that factor were considered as independent variables determining GW. , and P of the test for all these three species are shown in Tables 3 and 4. The P (or 1-â) of the tests for the regression analysis were sufficiently large, validating statistically insignificant Type II error of the analysis. In the case of A. mola, the independent variables predicting GW were UJ, LJ, GL, and HMO. For E. danricus, these were HMO, VMO, and GL, while for P. ticto, they were VMO and GL. In A. mola, the independent variables explained 63% of variation in GW. In this species, the regression of GL and HMO on GW was found to be statistically significant with low VIF Table 3 Coefficients of different variables regressed on gut weight (GW) of small freshwater fish species A. mola (n = 60). Regression analysis were shown for all independent morphometric variables (a), independent morphometric variables without GL (b), and independent variable GL only (c). UJ -upper jaw length, LJ -lower jaw length, HMO -horizontal mouth opening, GL -gut length values. Of these, GL showed a statistically significant effect when regressed on GW (Table 3a) . However, UJ and LJ have no significant effect on GW when regressed together with GL. A plot of residual vs. fitted values in this model exhibited heteroscedasticity, where the residuals explained the positive correlation to the fitted values with normally distributed errors (Fig. 2a) . A similar plot with only GL also exhibited the same property (Fig. 2b) ; however, excluding GL, the plot tended to be homoscedastic in nature with normally distributed errors (Fig. 2c) . When each was analyzed separately, these two biometric measurements, along with HMO, significantly determined GW with 56.3% of variability (Table 3b) . GL itself can independently explain 59.9% of total variability when regressed against GW in A. mola (Table 3c ). Similarly, in P. ticto HMO, VMO, and GL explained 57.9% of variation when regressed on GW. In this species, too, GL showed a statistically significant effect when regressed on GW (Table 4 ). The plot of residuals vs. fitted values showed strong homoscedasticity at the beginning, but it moved toward heteroscedasticity when the fitted value increased with normally distributed errors (Fig. 3a) . A similar plot with GL was strictly limited to heteroscedasticity (Fig. 3b) . The VIF values of all the variables were as low as 2.0. E. danricus had three independent variables and when regressed on GW, they explained only 32.5% of the dependent variable variation with GL showing a statistically significant effect (Table 4) . In this species, all the independent variables showed VIF values as low as 3.0. The plot of residual vs. fitted values with and without GL exhibited near heteroscedasticity with normally distributed errors (Fig. 4) . 
Discussion
Factorial analysis
The proportion of the total variance explained by factors 1 and 2 is additive, with the second factor contributing less than the preceding one to the variance explained. This occurs as the factors are derived in decreasing order of importance. In the present study, except for A. mola, both factors 1 and 2 in E. danricus and P. ticto exhibited almost equal variability with all biometric traits. Besides, the Kaiser-Meyer-Olkin measure of sampling adequacy was higher than the recommended value (i.e., >0.6), and Bartlett's test of sphericity was significant (p < 0.001), which indicated that the set of variables are at least adequately related for factor analysis. Further, the correlation analysis explained several sizable correlations (> 0.5) among the biometric traits. Moreover, the communalities were below 1.0, further confirming that each item has some common variance with the other items; thus, it qualified all six variables for factor analysis. In general, component loadings (correlation coefficients) > 0.6 can be considered in the interpretation of the results (Mahloch 1974) . Such loading indicates the highest correlations between the variables and the corresponding factor. Besides the high loading of the variables by means of the correlation coefficients on interpreting a component, the variance of the principal component was also primarily considered for precise interpretation as it provides more information regarding the number of factors to be considered. In all the cases, only factors with eigenvalues > 1.0 were considered.
In the case of A. mola, factor 1 provides information about GW, UJ, LJ, HMO, VMO, and GL. Of these, GL, UJ, and LJ showed the highest positive loading (> 0.90) on factor 1 with 63.3% of the variation of the original data set explained. Factor 2 explained 24.3% of the total variance of the original data, and only VMO had a high, negative loading on it. The communalities of all these variables were < 1.0 and, therefore, presumably all these variables were described at an acceptable level. In the case of A. mola, factor analysis clearly indicated that GW was highly correlated to UJ and LJ, followed by GL. VMO showed a strong correlation to factor 2 and, hence, had no effect on the GW of the fish at all. HMO was positively loaded on factor 1, whereas it was negatively cross-loaded on factor 2, suggesting an affirmative role on feeding as interpreted by the fish GW. The A. mola has been described recently as a size-selective plankton feeder (Nandi and Saikia 2015) , and it can ingest plankton 2-6 μm to a total length of 7 cm, whereas, above that it can ingest plankton up to 12 um. Nandi and Saikia (2015) further confirmed that the MA computed following the procedure in Erzini et al. (1997) plays a significant role in size-selective feeding by A. mola. Interestingly, according to Erzini et al. (1997) , MA is computed from HMO and VMO and the strong loading of HMO explains how morphometry plays a significant role in the feeding behavior of this fish. However, the role of VMO in computing MA in this fish might not be necessary. However, the present factorial analysis revealed that it is not HMO alone, but that UJ and LJ could also strongly determine GW in association with HMO in this fish species. Thus, these two variables, partly aided by HMO, can strongly determine GW and, thereby, the feeding success of the fish. All the variables in factor 2 were negatively loaded, with the highest value assigned to VMO (0.935). GW has a component loading < 0.5; hence, these variables failed to explain any role in the feeding success of this fish species.
In a similar manner, component loading of the morphometric variables from P. ticto on the first two factors explained 84% of the total variation in the original data. Variables loaded along with GW on factor 1 were GW, HMO, VMO, and GL. These variables showed the highest positive correlation and communalities of < 0.9. Thus, these variables can be categorized as variables that strongly determine food success. In contrast to A. mola, where UJ and LJ were highly correlated to factor 1, in P. ticto they exhibit high correlation to factor 2 with communalities < 1.0, but they are not statistically related to GW. Thus, UJ and LJ are considered to be variables that scarcely determine feeding success in P. ticto.
In E. danricus, the first two factors explained 81.9% of the total variation in the original data, of which factor 1 and factor 2 explained 41.1% and 40.8%, respectively, of the total variation. Interestingly, factor 1 had only two variables, UJ and LJ, carrying the highest loading with communalities < 1.0. Unlike the A. mola and P. ticto, GW is very poorly loaded on factor 1. However, it is strongly loaded on factor 2 (communality < 0.7) along with three other variables, i.e., HMO, VMO and GL. The communality for these three variables was < 0.9. In the case of E. danricus, UJ and LJ were not significant in determining the feeding ability of the fish; hence, they can be categorized as variables that only slightly determine feeding success in this species. The variables loaded on factor 2 correlate strongly among them and can be considered as variables that strongly determine the feeding success of this species.
Factor analysis clearly indicated that the feeding success in the group of small fishes studied is governed by different morphometric variables that vary from species to species. These are, first, UJ, LJ, HMO, and GL for A. mola; second, VMO, HMO, and GL, for E. danricus, and VMO and GL for P. ticto; and third, GL shows the most obvious contribution to GW of these fishes in all instances. It is evident that, in relation to feeding success, all three small fishes exhibit different degrees of morphoecological variation in the mouth in the freshwater habitat. Plasticity in morphology was previously observed in other fishes (Wimberger 1992 , Muschick et al. 2011 , and this study confirms this phenomenon in small freshwater fishes.
Multiple regression analysis
Thus, it is evident from the discussion above that a single variable may not uniformly demonstrate (e.g., Ponton and Müller 1990, Erzgini et al. 1997) feeding success in fishes. Species-wise, the morphometric variables that could provide close association with feeding success might vary. In this study, the morphometric variables were reduced using multiple factor analysis, followed by multiple regression analysis to identify how these morphometric variables determined the feeding success in each fish species. A few selective variables which exhibited high loading with GW in factorial analysis as an independent variable were found to explain GW, a dependent variable in the present study. In the regression model of A. mola, GL was significantly associated with GW, followed by HMO and LJ. However, UJ, although highly loaded with GW in the factor analysis, showed a coefficient value statistically indifferent to 0 (p > 0.05); thus, it did not exert any meaningful effect on the model. However, in this regression model the slightly heteroscedastic plot of the residuals vs. the fitted values tended to be homoscedastic when the fitted value increased. In the absence of GL, such heteroscedasticity disappeared, and a homoscedastic plot was formed suggesting that HMO, UJ, and LJ were the best morphometric variables to determine feeding success in A. mola. Further, because of the expression of the significant effect on GW with 57% variability, this regression analysis indicated that feeding success in A. mola could be highly dependent on the measurements of mouth morphometry. While GL might have independently explained almost 60% of the feeding success over these morphometric measurements, such a relationship could be correct only when the fitted values were high. In P. ticto, although VMO and HMO were highly loaded with GW, they exerted no meaningful effect on GW since their coefficients were not statistically different from 0 (p > 0.05). Interestingly, in this fish species, GL alone exhibited a highly significant association with GW, which confirmed it to be one of the important morphological variables that could determine the feeding success of this fish species. The plot of residuals vs. the fitted values of this regression model exhibited homoscedasticity when the fitted values were high. Thus, in the case of A. mola and P. ticto, GL could be a deterministic morphometric variable at an advanced stage of fish growth when the gut reached a considerable length. In the case of E. danricus, it was HMO that showed a significant association with GW, followed by GL and VMO. The plot of residual vs. fitted values in this model explained a negatively correlated heteroscedastic linear model; however, when GL alone was considered in this model, it could not improve this situation. In E. danricus, the extremely low variability (32.5%) suggested that some factors other than mouth morphometry could be acting as the deterministic factor for the remaining unexplained portions of the variations in this species.
Mouth morphology and feeding success:
How are they related in small fish?
Mouth morphology describes the feeding plasticity of fish to the habitat (Santos et al. 2011 , Sebastian et al. 2011 ). The present study provides insight to more clearly understand the mouth as a morphological determinant in small fish feeding success. In the studies on the feeding ecology of fish, the mouth area (MA) has been used as an effective morphological determinant, which actually measures the mouth dimensions to explain size-dependent (of prey) feeding success in fishes. Earlier, two such measurements of MA were proposed by Ponton and Müller (1990) and Erzini et al. (1997) . Ponton and Müller (1990) actually measured the gape size (GS), which, in other words, describes the mouth area of the fish. They hypothesized that the gape size in a fish at maximum 90°orientation can be obtained using UJ × Ö2. Erzini et al. (1997) used half the product of HMO, VMO, and P to explain the effective mouth area of fish. Thus, the computation of GS and MA are based on either UJ or HMO and VMO. As the variables responsible for feeding success in these small fish species are clear from this study, the practices of determining feeding success can be reviewed, at least for small fishes, with an emphasis on the selection of the actually functional morphometric measurements from the head or other body regions. For example, VMO and HMO, as in the study of Erzini et al. (1997) are not the only determinants in the feeding success of A. mola; UJ and LJ are also equally important. Similarly, in P. ticto, VMO may better explain the feeding efficiency of the fish. Therefore, while considering mathematical models for estimating mouth areas to describe feeding habits in fish, emphasis must not be placed only on food size, but also on the orientation of the food during ingestion. As aquatic organisms, fish feed in a three dimensional plane, which means that it is possible for prey to be ingested either length-wise or width-wise or both length-and width-wise. To some extent, the nature of variables can suggest such a feeding mode in fish. There is a strong possibility that the lengths of the upper and lower jaws, and not HMO and VMO, combinatorially confer a kind of directional effect on the food ingestion capacity of the fish. During the larval fish stage, prey-size dependent feeding preferences were reported to be gape-limited by jaw length (Conley and Hopkins 2004 , Truemper and Lauer 2005 , Makrakis et al. 2008 . These authors observed that the largest size range of prey was ingested by the larvae with the largest jaws, and the smallest prey by the larvae with the smallest jaws. Further, the gape limitation by jaw length may affect the length-wise ingestion of prey, thereby describing a kind of one-dimensional gape limitation (either length-or width-wise). However, the horizontal and vertical mouth openings may set a two-dimensional gape limitation on feeding (both length-and width-wise). Thus, P. ticto may have a different feeding strategy when compared with A. mola. In this situation, the feeding success based on MA or GS might overlook the true explanation when sharply defined measurements are not actually included in the analysis.
Similarly, the feeding habit of all these fishes could be somewhat better explained by their gut length. The hypothesis of having a higher gut weight at longer gut lengths could be explained as the ability of accommodating maximum food content in longer guts. It is established that a larger stomach capacity resulting from an ontogenic shift may result in active feeding relationships in fishes (Gosch et al. 2009 ). However, a longer gut length in the absence of a true stomach may also explain a similar feeding strategy in fishes. As in the case of the predator fishes where the larger stomach volume induces plasticity in feeding (Gill and Hart 1998) , longer stomachs in small fishes with high TL may serve a similar purpose during active feeding.
Conclusion
Small herbivorous and microphagous fishes ingest plankton that are static in nature and, therefore, as in carnivorous fishes, the body length or head depth may not be as important as other morphometric adjustments in the mouth. In this context, the hypothesis that jaw length and mouth openings could explain their feeding success could be correct. In particular, in the case of A. mola, such a hypothesis could be adopted. This is obvious from several prior studies on herbivorous fishes that they are often equipped with a long alimentary canal without a distinct stomach (Dasgupta 2001, German and Horn 2006) . The carnivorous nature of fishes can be explained by the short alimentary canal in association with a well-developed stomach (Dasgupta 2000 , Naguib et al. 2011 . The fishes studied here are mainly microphagous with gut lengths long enough to explain their herbivorous feeding behavior. The new feature that the present study suggests is that the longer gut length of these fishes may also determine their feeding success. Other than an enhanced gut area in a longer gut in these fishes, there may be several other underlying factors, physical, endocrinological, or physiological, associated with the gut length of the fish that might contribute to the feeding behavior of these fishes. Further studies on otoliths can also contribute to our understanding of the long-term feeding success (Pepin et al. 2015 ) of these species.
